Strain coil sensors and pressure cells were installed in relatively large numbers in a trial haul road, constructed in Scotland, which was subjected to controlled trafficking. The instruments and their installation is described and their operation discussed. It is shown that the strain coils are able to give a reasonably good measurement of both transient and plastic strains when placed in both unbound aggregate and cohesive subgrade soil, and that data collection is facilitated by a new electronic apparatus. They also have a good survivability and are cheap to make and install. The pressure cells performed somewhat less well, partly due to apparent environmental survivability defects and partly due to inherent difficulties of installation and operation resulting from inhomogeneity generated in the surrounding ground. They were unable to monitor any (small) self-weight stresses.
THE MEASUREMENT OF STRESS AND STRAIN IN AN UNSURFACED HAUL ROAD AT A SOFT CLAY SITE IN SCOTLAND INTRODUCTION
In 1989 an unsurfaced haul road was constructed on a soft clay site at Bothkennar on the banks of the Forth of Firth in Scotland (see Figure 1 ). The site had been purchased by the Engineering and Physical Sciences Research Council (UK) for research into the geotechnical behaviour of soft clay.
A research contract was let to the University of Nottingham to construct a haul road which would (a) provide access to positions around the site for geotechnical research, and (b) provide a research facility in its own right.
The particular research objectives were to examine the appropriateness of design methods for geosynthetic-reinforced pavements and to calibrate them with data from pavements containing a variety of geosynthetic types and aggregates.
The geology of the area surrounding the Bothkennar soft clay site consists (1) of a synclinal Carboniferous basin centred on Grangemouth ( Figure 1 ). This is overlain by glacial deposits consisting of stiff boulder clay which in turn are overlaid by post-glacial soft marine clays and loose silts. It is these latter deposits which lie immediately beneath the top soil at the site and are as much as twenty metres thick in places. The soft clay that these provide is the reason for the location of the site at Bothkennar. As far as road construction is concerned the important aspect of this soft clay subgrade is that it is somewhat desiccated near the surface due to weathering and is therefore rather firmer than the underlying clay. It was on this firmer crust that the haul road which is the subject of this paper was constructed.
The field in which the site is located is immediately adjacent to the banks of the Forth estuary.
Because of its low lying nature a flood bank has been erected between the fields and the estuary and ditches are provided within the field to facilitate drainage. This has the effect of maintaining the water table at about one to half a metre beneath ground surface for much of the year.
PAVEMENT CONSTRUCTION
In order for the unsurfaced haul road to provide a research facility it was decided to construct it in sixteen sections each comprising a different sequence of materials, or the same sequence but with different geosynthetic reinforcements. It is not the purpose of this paper to describe the results of this study (see instead [2, 3] ), instead the purpose here is to describe the stress and strain instrumentation which was installed in the pavement sections and the results which were obtained from them. In summary, the construction comprised compacted aggregate over the subgrade with, in most cases, a geosynthetic reinforcement placed at the interface between the subgrade and the aggregate. The subgrade was prepared by stripping the top-soil and levelling carefully against a datum. On a few sections the crushed rock aggregate was replaced by a sand and gravel aggregate. The sequence and thicknesses of the different sections is summarised in Table 1 and their positions are illustrated in Figure 1 .
INSTRUMENTATION
The instrumentation placed in the trial pavements was considerable. In this paper only the strain coils and pressure cells are described. These were placed at two 'reading locations' within each trial section (one at 5m and the other at 15m from the start of each 20m long trial section). A typical cross section is shown in Figure 2 .
Purpose
The instrumentation in the trial sections was included to measure stresses and strains imposed by a loaded truck as it passed over the instrumentation positions and also to measure the residual strains and, if possible, stresses developed after trafficking was complete. By this means it was intended to build up a picture of the development of strain contributing to surface rutting during the trafficking of the trial and also to determine the response of the pavement section as the vehicle went over. An important aspect was the contribution and modification offered by any geosynthetic reinforcement.
Thus it was important that the instrumentation was able to record both transient and plastic effects and for this purpose instrumentation was chosen for which the researchers had developed considerable experience on other trials and in the laboratory.
Strain Measurement
Strains within the system were measured using inductive strain coils. These are electrical devices which operate in pairs. The principal of operation is extremely simple. An alternating current is supplied to one coil which generates an electro-magnetic field around it. A second coil placed in this alternating electro-magnetic field has an electric current induced in it and the magnitude of this current is proportional to the distance between the receiving and transmitting coils. Although the principle is simple, practice is rather more complex. There are several factors which are responsible for this:-a) the electro-magnetic field generated by the transmitting coil does not permit a linear response, to spacing, in the receiving coil. This non-linearity has to be allowed for when interpreting the response, b) the receiving coil can pick up extraneous electro-magnetic noise from sources other than the transmitting coil. These can be confused with the desired signal, c) small perturbations in the transmitting signal due to instability in the generating electronics will cause an apparent change in reading in the receiving coil unless appropriate steps are taken to compensate for this, d) large pieces of metal (for example the body of a vehicle) may distort the electro-magnetic field generated by the transmitting coil and will therefore induce a change of reading in the receiving coil which is not due to change of spacing of the coils.
Some of these effects have to be dealt with by calibration. Others can be dealt with by treatment of the electronic signals. These latter steps have been taken in the "εmu" instrumentation developed by the first named author for which a patent is held [4, 5] . The Bothkennar trial provided the first serious application of this new εmu system and for this reason calibration was carried out also with an older (Bison) system. The new εmu system provides output which is easy to datalog and subsequently to treat using information technology methods. The older Bison system has a visual output for coil spacing in the form of a calibrated dial which must be adjusted manually and the resulting numbers on the dial entered via a keyboard if they are to be used in a computer system.
The coils are thus used in pairs. Each coil consists of a circular former into the outside edge of which a rebate is cut ( Figure 3 ). Fine gauge wire is wound around the former terminating with a more substantial wire or lead which is connected to the εmu unit. The instrument is sealed around its circumference with a potting compound and the whole coil and wire is then dipped in shellac to act as a second barrier to moisture ingress. In the trial at Bothkennar the strain coils used were 50mm in diameter and the leads were taken out to access chambers constructed adjacent to the pavement trials.
Both εmu and Bison systems give two outputs for each pair of coils. One output can be calibrated as a measure of transient displacement of the coils with respect to each other and the other can be calibrated to measure the plastic response. In principle, calibration is laborious as each pair will have a unique calibration. In practice it has been discovered that coils of the same manufacture have a very similar calibration and a "mother" curve can be determined accurately once and each coil pair related to that mother curve with a pair of adjustment factors. This technique was used at the Bothkennar test site due to the number of strain coils that were installed (208 in all). A typical plastic deformation calibration curve is provided as Figure 4 . The transient calibration can be related, by a simple formula, to the gradient of this curve at any given static spacing.
Because the principal purpose of the trials was to determine the contribution of the geosynthetic to pavement performance, instrumentation was concentrated on the geosynthetic or in the soil adjacent to its position. It was thought that the maximum geosynthetic strain either occurs directly under the wheel path or that the geosynthetic was in constant strain across the pavement. To validate these concepts a strain coil pair (in a co-planar configuration) was attached to the geosynthetic directly below, and i n transverse direction to, the wheel path at each reading location. In the thinner pavements a further three strain coils (also arranged in a co-planar manner) were attached to the geosynthetic transversely across the pavement at each reading location. Because there were two reading locations in each pavement section (10m apart) it was possible to vary the offset of these coils from the centre line of the pavement in a form shown in Figure 2 . This enabled a better picture of the strain distribution to be obtained. As these coils were expected to strain in a tensile manner during trafficking they were positioned at the lower spacing of their range of possible use (approximately 75mm for 50mm coils).
In those pavement sections where no reinforcement was included the coils were placed into shallow holes carefully cut directly into the subgrade and levelled with a spirit bubble. Their spacing was then measured and they were buried with aggregate. Where a geosynthetic reinforcement was present the coils were fixed to that reinforcement. In the case of smooth non-woven geosynthetic, the coils were fixed to the underside of the reinforcing material by forming a 6mm hole through the fabric with a soldering iron. In the remaining geotextiles the fibres were separate or separable. The coil was then fixed to the underside with a nylon nut and bolt which fitted tightly into the hole or into the parting between fibres. In the case of the grid reinforcement the coils were attached using small plastic clamps and four nylon screws which gripped a node in the grid. In this arrangement the coils protruded from the bottom of the geosynthetic sheet and it was conceivable therefore that this might hinder slip from taking place if these coils became embedded into the subgrade. To prevent this effect, as far as it was possible, the coils were separated from the subgrade by a patch of the same geosynthetic and a pad of sand which surrounded them ( Figure 5 ). It was not thought necessary to create such a patch between the grid and the subgrade because it was assumed that the interlock between the geosynthetic and the soil would prevent any occurrence of slip in this case. A small quantity of fine aggregate was placed on the geosynthetic above the strain coils to prevent them from damage during compaction of the aggregate layer. Where there was no geosynthetic, some aggregate was placed carefully over the strain coils prior to the section being filled. This helped to prevent the coils from moving away from their position during construction and to minimise damage to the coils.
It was expected that some internal vertical aggregate strain would occur under repeated wheel loading which would make a contribution to the total surface deformation. Similarly in the top of the subgrade it was expected that vertical strain would take place. In order to quantify this aspect strain coil pairs were installed co-axially under the wheel path at each reading location in a vertical orientation with an initial gauge length of 100mm (towards the maximum range for 50mm diameter coils) at the base of the aggregate layer and at the top of the subgrade ( Figure 2 ). In this case the middle coil was one of those already attached to the geosynthetic which was therefore used as a common coil for transmitting both horizontally to another strain coil fixed to the geosynthetic, axially upwards to a coil placed in the aggregate and axially downwards to a coil buried in the subgrade (Figure 2 ).
After the coils had been fixed, cables were placed in trenches cut into the subgrade and backfilled and then the prepared subgrade was covered with the aggregate in layers (two or three depending on the thickness of aggregate required). These were compacted with 16 passes of a 1 tonne/m width vibrating roller according to the UK's DoT Specification [6] , instruments being installed in the aggregate as the layers were placed. Careful levelling of the instrument positions was carried out as construction progressed and the final surface level of the aggregate was monitored on a half metre grid.
Stress Measurement
Stresses were measured in the pavement foundation using fairly conventional earth pressure cells. In the case of this trial the coils were manufactured at the University of Nottingham to a well established design [7] . Each consists of a titanium steel body with an integral diaphragm on which are mounted four electrical strain gauges. These are wired in a balanced Wheatstone bridge configuration and monitored in the normal manner.
There are two aspects of calibration of pressure cells. Firstly the electrical output must be calibrated against the pressure applied. In this case, the pressure cells were calibrated using a purpose built rig in which hydraulic oil acts on a rubber membrane against the pressure cell diaphragm. The second aspect of calibration concerns the so-called cell registration. When a pressure cell is buried in the ground it changes the stress distribution around it and therefore the pressure which it reads is not a true reflection of the pressure in the ground [7] . To determine this effect in-soil, calibrations were performed using a 230mm diameter triaxial apparatus [8] . For a 40mm maximum particle size crushed limestone, a cell registration of 0.98 was determined while in a clay soil registrations of 0.97 under static conditions and 0.92 for dynamic loading were observed. It is these registrations which were adopted for this study.
The pressure cells were installed horizontally in the pavement as shown in Figure 2 . At each reading location, that is twice in each pavement section, two pressure cells were installed one 50mm above the bottom of the aggregate and one 20mm down from the top of the subgrade. Their purpose was to record the stress distribution due to the traffic loading by placing them beneath the wheel path.
Stress could be monitored as the wheel approached and departed from the reading location. The subgrade pressure cells were installed in advance of the reading location because previous trials [9] have shown that as vehicles approach an instrumented cross section the subgrade pressure cells first generate a rise in their reading and this can be used to prompt the data acquisition system to start recording. The pressure cells were installed in a manner similar to that used for the strain coils in order protect them from, as far as possible, the encroachment of sharp stones. In the case of the subgrade cells this was achieved by covering them with a carefully compacted layer of soil. In the case of those placed within the aggregate they were covered with a small amount of fines sieved out from the parent aggregate (passing the 1.18mm sieve).
Data Collection and Trafficking
The signal cable from each instrument was carried through a small trench to the edge of the pavement where it was led into a purpose dug pit covered with an access cover. Cables were snaked gently within their trench in order that, should there be strain taking place in the pavement, cables would not applied an 80kN axle load), the remaining trafficking taking place in the following year (mostly with a truck axle of 126kN). It was apparent that there had been some seasonal effects which had caused some deformation within the pavement independent of trafficking in the intervening period hence the necessity of having readings close together just after 1000 passes. The data was collected through an analogue-digital converter into a computer which were contained in the portable data collection vehicle. The data was processed using conventional spreadsheet technology after trafficking was complete.
INSTRUMENTATION RESPONSE

Serviceability
Some of the instrumentation intended to monitor the pavement performance had been installed ten months before trafficking commenced. Table 2 shows the status of the instrumentation in the Spring of 1990. The effect of long term exposure to moisture was to render some of the instruments useless, some requiring remedial work and some unaffected. The survival rate of the strain coil pairs was encouraging with approximately 80% functioning satisfactorily -considerably more than it was thought would survive the construction process and long term moisture effects. The pressure cells proved to be slightly less robust with a survival rate to the Spring 1990 of approximately 60%. Even fewer were operating in the Spring 1991. Of those that survived, most required some form of remedial work (usually re-balancing resistors at the cable outlet) to function correctly. After the experiment was complete some of these stress cells were exhumed and opened at which point it was revealed that they had suffered some internal corrosion.
Strain Coil Response
An example of a result obtained from the transient deflection of a strain coil is shown in Figure 6 .
This has been interpreted based on its calibration. The signal to noise ratio in this example is fairly high; that is the peaks caused by the passage of the vehicle are clearly distinguishable from the random variation in receive voltage of the strain coil. This is not always the case particularly with coils with are a long way from the disturbing action of the wheel and where consequently the strain is very low. Figure 7 shows such a response unloaded and the noise can be clearly seen by enlarging the vertical scale. This may be significant if the dynamic displacement of a coil pair is small and the corresponding signal reduced.
There is a little evidence of interference from the body of the truck (compare the reading in Figure 6 at the extreme left before the track arrives with the value in the centre of the figure [i.e. under the body of the truck]) -but it is easy to detect and correct for (as shown by the offset zero -0.04v -in Figure 6 ). There may be some additional effect of the proximity of the metal in the wheel to the instruments. This has not been assessed as previous experience suggested that it would be small at the geometry used. It may be studied by using coils rigidly fixed by a non metallic spacer. The apparent strain recorded due to the passage of metal may then be deducted from all 'live' instruments [9] .
Pressure Cell Response
An example of a result obtained from a pressure cell is shown in Figure 8 . Again stresses obtained from the calibration have been added. Once again the single to noise ratio is high and a clear plot is produced. There was some slight pressure cell wander over time (probably due to slight resistive changes in the connection system and/or to minor instrument wear) and hence it was not possible to determine the residual or locked-in vertical stress, only the transient stress as the pavement was trafficked by a vehicle. The locked-in (initial dead-weight) vertical stress would, in any event, be expected to be small (less than 10kPa) -and thus of the same order as that produced by the difficulties just mentioned.
PAVEMENT PERFORMANCE
There are many aspects of the pavement performance which could be discussed but because this paper concentrates on the lessons learnt from the two instruments under discussion only some aspects are mentioned here. Another paper [2] covers the surface deflection in more detail. Figure 9 provides a typical response indicating the initial rapid development of a rut followed by slow progress which accelerates as a higher loaded truck traffics the pavement. Table 3 gives the transient strain response monitored in the pavement by the strain coils. It can be observed that the transient strains did not increase linearly with the increase in axial load. For example the 58% increase in load when the heavier vehicle trafficked the pavement after 1000 passes (see Figure 9 ) has on average led to a 22% increase in transient vertical aggregate strain, a 43% increase in transient vertical subgrade strain and a 31% increase in transient transverse geosynthetic strain.
Transient Strain Response
Transient Stress
The absolute magnitude of the stresses monitored in the earth pressure cells is given as Table 4 . The results will be affected by the thickness of the overlying pavement and by the way in which the pressure cell has been embedded in the ground. This is quite operator sensitive and may have been a principal cause of the large scatter in the results obtained. This is in common with work elsewhere.
Thus to get an accurate measurement of the stresses in the pavement would require a large number of repeat instruments which was not economically possible in this case. However, despite their ineffectiveness in determining absolute magnitudes the pressure cells are better at obtaining a change in pressure due to a different level of trafficking. In this case it was noted that the increase in vertical stress at the bottom of the aggregate and the top of the subgrade when changing from the 80kN to 126kN traffic loading at about 1000 passes was less than might have been expected. The 58% increase in load led on average to a 32% increase in vertical stress towards the bottom of the aggregate layer and a 20% increase in stress at the top of the sub-grade. The two vertical stress measurement increases are thus ranked inversely to the three transient strain increases. These features suggest a stress redistribution in the pavement together with softening in the subgrade and stiffening of the aggregate (both of which are probably as a function of stress level).
Permanent Strains
The application of 2115 passes of vehicle loading generated permanent deformations in the aggregate, the geosynthetics and the subgrade. The permanent strains directly under the wheel path at the base of the aggregate, the top of the subgrade and the geosynthetic are shown in Table 5 . It is interesting to note that although the transient strains were higher at the top of the subgrade than at the base of the aggregate layer, the permanent deformations are generally more pronounced in the aggregate. This is an important finding, as most unsurfaced pavement design methods assume that the aggregate moves down bodily on a rutting subgrade. In this trial this was clearly not the case.
DISCUSSION AND CONCLUSIONS
Both the strain coil and pressure cell devices yielded valuable data from the unsurfaced road trial at Bothkennar, Scotland. The strain coils proved the more reliable, electrically, and cost around 10% of the price of the pressure cells. Although the data collection equipment is more complex for the coils only a few channels are required if, as in this trial, they are switched between coil sets during successive trafficking passes. The modern development of the εmu system now allows the dynamic loading response of stress and strain to be collected equally easily.
The poorer survivability of the pressure cells may be attributed to poor sealing of the cable entries into the cell bodies or to slow ingress of water by diffusion through the cable. This problem had not previously been encountered and the exact reason is not known.
The strain coils survived very well -better than in several previous installations -and accepted repeated connection and disconnection from the data collection apparatus. It is thought that this success can be attributed to:
(a) better bonding of the lead to the instrument -previously fractures of the conductors had occurred at this point, (b) use of a double sealing system to protect the coils from water, (c) the use of twin shielded cables (see Figure 3) to reduce noise problems, coil-coil interference and wire disturbance effects, (d) the use of high quality connectors in the access chambers to maintain a good signal into and out of the εmu equipment.
(e) careful protection of cable runs by selected backfilling over a snaked cable lead.
The data acquired from the εmu system was collected rapidly, reliably and convenientlyrepresenting a significant improvement for the data collection from the coils. In general the strain data collected was of a good quality. To minimise noise problems when reading transient strains, the spacing of coils should be reduced where the expected transient strains are small so as to make the readings more sensitive. In the trial at Bothkennar a few coils remote from the pavement's wheel path would have benefited from this. The effect of misreading transient strains due to the passage of the vehicle body was readily allowed for by the method outlined in Figure 6 and associated text. The similar effect of metal in the wheel was not assessed in as much detail as was warranted and the use of a few "dummy" coil pairs would easily have addressed this point.
Permanent (plastic) strains were easily collected and were not affected by these factors.
Both the stress and strain instrumentation shows considerable scatter in the values of transient stress
and strain recorded -and it seems unlikely that this can be attributed solely to intentional differences in the pavement constructions as pavements of similar construction thickness and geosynthetic exhibit very different responses (e.g. pavements L and P have dis-similar transient aggregate stress (Table 4) and dis-similar vertical aggregate strain although of similar construction). The scatter of the stress readings is greater than that of strain in comparable locations reflecting the greater need to protect the pressure diaphragms from sharp stones and the consequent inhomogeneities incurred close to the cell.
Indeed, the very inclusion of the cell causes this due to its different stiffness. The greater cost of the pressure cells does not aid the circumvention of this problem by using repeated instrumentation.
The strain coils seem less effected. This is probably partly due to their greater thinness and tolerance to surrounding material-both resulting in less inhomogeneity in the surrounding soil -and also the fact that they measure strain between two, and not at single points. This last factor means that some of the aggregate or soil being monitored may be sensibly unaffected by the instruments. However, not all of the scatter in the readings seems likely to be due to installation differences (particularly for the strain coils) and it is therefore postulated that the aggregate layer of the pavement is inherently heterogeneous. This would imply that more replicate instrumentation is required to form a representative assessment of mean and variance for stress or strain.
In principle, any change in the conductivity of the material between the coils might be expected to cause a response change. In fact, in laboratory trials, wet soil (rather than air) inserted between the coils was not found to make a significant difference.
In summary, the instrumentation generally performed well compared with comparable instrumentation installed for the same duration and gave data which helped materially in the interpretation of the trial pavement performance.
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